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The human visual system can undertake a specialized form of motion integration, one that enables the presence of extended spa-
tial contours to be disambiguated from their backgrounds. We have shown previously that the visual system can selectively integrate
local motion signals when their directions are along spatial contours and its eﬃciency is inversely related to the curvature of the
contour involved (Ledgeway, T., & Hess, R. F. (2002). Vision Research, 42, 653–659). This integration primarily involves the direc-
tion, rather than the speed, of local motion signals. In the present study, we sought to investigate both the spatial frequency and
orientation tuning of this specialized contour integration process, using a path detection paradigm. The results show that the tuning
for spatial frequency is very broad, in line with previous studies that have examined this issue. In contrast, the orientation selectivity
of the mechanism mediating contour extraction under these conditions is relatively narrowband. Thus, spatial frequency but not
orientation pooling appears to take place prior to the extraction of motion-deﬁned contours, a situation that is diﬀerent from that
previously shown for spatial contours composed of static, oriented elements.
 2005 Elsevier Ltd. All rights reserved.
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It is well established that visual neurons in mammali-
an striate cortex exhibit multi-dimensional tuning to
stimuli that fall within their receptive ﬁelds. Individual
cells in area 17 of cat and V1 of monkey respond selec-
tively to a limited range of spatial frequencies, orienta-
tions, motion directions and to a lesser extent
temporal frequencies. As the receptive ﬁelds of these
neurons are localized in space, the extraction of more
global relevant image properties (e.g., overall shape of0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.08.010
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way).spatially extensive objects) is widely assumed to involve
later visual areas or lateral/feedback modulatory neural
mechanisms which serve to integrate (combine, link or
pool) the outputs of earlier stages within the visual path-
ways. The precise nature of this global integration pro-
cess is still indeterminate but nonetheless the rules by
which local orientation information is integrated across
the visual ﬁeld to extract contour fragments in human
vision has been the focus of a number of recent studies
(for reviews see Hess & Field, 1999; Kovacs, 1996).
These rules have been couched in terms of an ‘‘associa-
tion ﬁeld’’ somewhat akin to the notion of a ‘‘receptive
ﬁeld’’ but involving cellular networks rather than indi-
vidual neurons (Field, Hayes, & Hess, 1993).
In a similar vein, we have recently investigated the
rules that underlie the integration of local motion signals
across space to help disambiguate the presence of simple
spatial contours (Hess & Ledgeway, 2003b; Ledgeway &
T. Ledgeway, R.F. Hess / Vision Research 46 (2006) 568–578 569Hess, 2002). Previous work by Verghese, Watamaniuk,
McKee, and Grzywacz (1999) and Watamaniuk,
McKee, and Grzywacz (1995) had shown that the
detectability of a moving element with a trajectory com-
posed of multiple small jumps is enhanced relative to
that of the individual constituent motions. Moreover,
the shape of the trajectory has an inﬂuence (Verghese,
McKee, & Grzywacz, 2000). Triplet of dots moving in
a consistent direction are more detectable if their move-
ment is along a common axis (collinear motion) than
when it is perpendicular to it (but see Bex, Simmers, &
Dakin, 2003). These studies, which suggest a role for
sequential recruitment (interactions) between local mo-
tion detectors, highlight the importance of a specialized
form of temporal integration for extracting the motion
trajectories of objects.
Our approach was diﬀerent in that our stimuli were
in constant motion within the conﬁnes of a dense spa-
tial array of stationary apertures and our results were
interpreted within the general framework of the linking
rules for motion direction somewhat analogous to
those previously described by Field et al. (1993) for ori-
entation. In particular, we demonstrated that local mo-
tion signals are integrated across space if those local
directional signals are aligned along the axis of straight
or moderately curved spatial contours (Ledgeway &
Hess, 2002). Moreover the ability to detect such spatial
contours, deﬁned solely by motion direction, is insensi-
tive to large diﬀerences in the speeds of the individual
elements deﬁning the contour. That is, even when adja-
cent contour elements had a ﬁvefold diﬀerence in abso-
lute drift speed, detection performance was just as
good as when all the elements along the contour had
the same drift speed. This ﬁnding is reminiscent of
studies using random-dot patterns (e.g., Watamaniuk
& Duchon, 1992) that have also shown that observers
can integrate randomly distributed local speeds into a
global percept of speed and discriminate that global
speed as well as if all the dots in the display moved
at a single speed. This therefore, is a specialized type
of spatial integration, one that is very diﬀerent from
simple speed-based segmentation mechanisms, which
delineate or segregate regions of the image that diﬀer
from each other in terms of their local speeds and thus
are likely to belong to diﬀerent objects in the world
(Hess & Ledgeway, 2003b).
However, comparatively few studies have investigat-
ed the properties of the grouping processes that mediate
the extraction of spatial contours deﬁned solely by direc-
tion cues (e.g., Hess & Ledgeway, 2003b; Ledgeway &
Hess, 2002; Ledgeway, Hess, & Geisler, 2005; Rainville
& Wilson, 2004) and many fundamental issues remain
unresolved. In particular the spatial frequency and ori-
entation selectivity of both the detectors that encode
the local directions of the contour elements and the
mechanisms that subsequently serve to integrate thoseestimates to disambiguate the contour have yet to be
ﬁrmly established.
A recent experiment carried out by Bex et al. (2003),
using a stimulus conﬁguration similar to that of Vergh-
ese et al. (2000), has an important bearing on the issue of
spatial frequency tuning of moving contour detection
mechanisms. They showed that when observers are re-
quired to detect an ensemble of spatially bandpass target
dots (amongst a background of randomly moving noise
dots) whose collective motion deﬁned a translating con-
tour-like object, performance was invariant with regard
to the overall spatial frequency content of the image.
Interestingly, contour visibility was also little aﬀected
when alternate target elements within the moving con-
tour diﬀered in spatial frequency by up to ±1 octaves,
suggesting that the integration process itself is relatively
broadly tuned for spatial frequency. However, in that
study, the contours themselves underwent motion across
the visual ﬁeld (changed spatial location over time) and
did not remain in a ﬁxed spatial location in the visual
ﬁeld throughout the duration of each presentation un-
like the stimuli employed by Ledgeway and Hess
(2002). One advantage of using our stimulus conﬁgura-
tion (stationary apertures arranged along a contour and
each containing a patch of moving texture) is that any
potential diﬀerences in contour sensitivity across the
visual ﬁeld are minimized and it does not rely on a tem-
poral sequence of stimulation across successive spatial
locations (which could introduce temporal matching
ambiguity for the local motions present). Consequently,
the motion-deﬁned contours used in our previous stud-
ies may be particularly well suited to address the spatial
properties of the mechanisms that underlie the integra-
tion of local direction signals in contour detection tasks.
In the present study, we sought to investigate the spa-
tial properties (spatial frequency and orientation selec-
tivity) of this specialized type of integration for
disambiguating motion-deﬁned contours, similar to
those we have developed previously (e.g., Ledgeway &
Hess, 2002). The main objectives were fourfold: (1) To
ascertain if the detection of motion-deﬁned contours is
possible across a broad range of spatial scales (frequen-
cies) and explore the spatial frequency selectivity of the
global contour integration process. (2) To elucidate the
orientation selectivity of the global contour integration
process. (3) To compare detection performance for con-
tours composed of moving versus stationary orienta-
tion-ﬁltered elements. (4) To disentangle the inﬂuences
of temporal ﬂicker cues and motion direction informa-
tion on contour detection. Probing the spatial properties
of the mechanisms that mediate the integration or link-
ing of local motion signals should provide important in-
sights into its relationship to the spatial linking
proposed previously for extracting contours composed
of static (Field et al., 1993) and dynamic (Bex, Simmers,
& Dakin, 2001) orientation-based cues.
570 T. Ledgeway, R.F. Hess / Vision Research 46 (2006) 568–5782. General methods
2.1. Observers
The two authors (T.L. and R.F.H.) served as observ-
ers in all of the experiments and an additional, naı¨ve
observer (I.L.S.) was used to conﬁrm the generality of
several key ﬁndings. Each observer had normal or cor-
rected-to-normal acuity.
2.2. Apparatus and stimuli
Stimuli were generated using an Apple Macintosh G4
computer and were displayed on a gamma-corrected
monitor (Sony Multiscan G520) with a mean luminance
of 50 cd m2 and a refresh rate of 75 Hz. Stimuli were
viewed binocularly at a distance of 0.74 m and presented
within a central, square display window that subtended
16.9 both horizontally and vertically. At this viewing
distance, each screen pixel subtended 1.6 · 1.6 arc min.
The remainder of the screen was homogenous and had
a luminance of 50 cd m2. Fixation was unconstrained
(a ﬁxation point was not provided) and observers were
permitted to make eye movements.
To assess our ability to detect contours deﬁned solely
by motion we used displays containing multiple micro-
pattern elements similar to those used previously (e.g.,
Ledgeway & Hess, 2002) to assess contour integration
based on the linking of local direction signals (see
Fig. 1). Micropatterns were constructed such that con-
tours were deﬁned on the basis of the local direction sig-
nals present, within each micropattern, along the
contours length.
Each micropattern was composed of a patch of spa-
tially two-dimensional (2-D), visual noise that was spa-
tially ﬁltered using conventional Fourier techniques to
leave a restricted band of either spatial frequencies or
orientations (prior to ﬁltering the noise was spatially
broadband, orientationally isotropic and composed of
individual noise elements subtending 1.6 · 1.6 arc min).
The bandpass ﬁlters used had a sharp cut-oﬀ in all
cases (ideal ﬁlters) and the resulting ﬁltered images,
which had 8-bit luminance resolution, were re-scaled
so that they had the same mean luminance (50 cd m2)
and root-mean-square (RMS) contrast (0.22) as the
original unﬁltered noise. Equating RMS contrast in
this manner across all conditions ensures that any gross
diﬀerences in visibility and apparent contrast are mini-
mized (e.g., Bex et al., 2003; Moulden, Kingdom, &
Gatley, 1990).
For noise that was spatially-frequency ﬁltered the
bandwidth of the ﬁlters used was always 1 octaves (full
width) with a centre frequency of either 0.84, 1.74,
3.54 or 7.13 c/deg. For noise that was orientation-ﬁl-
tered the bandwidth of the ﬁlters used was 29 (full
width). The ﬁltered noise within each micropatternwas presented with the conﬁnes of a smooth, 2-D, sta-
tionary Gaussian spatial window (standard deviation
0.13, truncated at ±0.4). The noise could be made to
drift smoothly and coherently in any desired direction,
spanning the 360 range, at a drift speed of 2/s.
The use of micropatterns containing orientation-ﬁl-
tered (29 bandwidth) noise avoids an otherwise severe
confound that would have arisen if spatially one-di-
mensional (1-D) moving patterns, such as sinusoidal
gratings (Bex et al., 2001), had been used instead.
These latter stimuli are inherently ambiguous and suf-
fer from the well-known ‘‘aperture problem’’, in that
motion is only perceived perpendicular to the axis of
orientation. Pilot studies (involving T.L. and naı¨ve
observer I.L.S.) conﬁrmed that the micropatterns used
in the present study did not exhibit this directional
ambiguity. Direction-identiﬁcation of a single, central-
ly-presented, micropattern containing either leftwards
or rightwards motion at random on each trial, was al-
ways veridical (100% correct) for both observers
regardless of whether the orientation band was centred
say horizontally (parallel to the motion direction) or
vertically (orthogonal to the motion direction). Thus,
narrowband noise decouples spatial orientation and
motion direction, enabling the orientation selectivity
of the mechanisms that extract motion-deﬁned con-
tours to be investigated.
2.3. Procedure
The contour integration task and the procedure em-
ployed were analogous to those used previously (Ledge-
way & Hess, 2002). Using a standard two-alternative-
forced-choice (2AFC) task observers were required to
choose which interval (separated by 1 s) contained an
elongated motion-deﬁned contour (path). One interval
chosen at random on each trial (duration 507 ms) con-
tained 158, non-overlapping micropatterns of random
position and direction (background micropatterns). In
the other interval (path plus background) eight of the
micropatterns were constrained to lie along the invisible
backbone of a straight (path angle of 0 ± 5 random jit-
ter), elongated contour that was constrained to pass
through a central circular inclusion region (radius 0.8)
of the display area. Background micropatterns were also
permitted within this circular inclusion region and the
mean spatial separation between the centres of adjacent
micropattern elements was 1.6 (± a uniform random
deviate of 0.53).
The spatial location and orientation of the contours
axis were randomized on each presentation. The direc-
tions of motion of the micropatterns making up this
straight contour were always aligned along (and consis-
tent with) the axis of the contour, a conﬁguration that
produces optimal performance for motion-deﬁned con-
tour stimuli (Ledgeway & Hess, 2002). There were no
 Path plus background Background
1 octave passband
spatial frequency
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element
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Fig. 1. Illustration of the contour detection task and stimuli used in the present study. (A) Contour composed of constituent micropattern
elements (in this case broadband elements) in which the motion direction would be along the axis of the contour (shown by the normally invisible
backbone on which the motion-deﬁned path was constructed). The contour is embedded in a background of similar elements that have random
motion directions. (B) The same elements are displayed but the motion directions of all elements are random. In the experiments, each aperture
was stationary and contained a patch of ﬁltered visual noise in continuous motion. The observers task was to detect which of two intervals (e.g.,
A versus B) contained a motion-deﬁned contour. (C) A magniﬁed view of a single broadband (unﬁltered) micropattern element. (D) Illustrative
examples of a micropattern element that has been subjected to bandpass spatial-frequency ﬁltering with a 1 octave (full width), ideal ﬁlter centred
at one of four diﬀerent frequencies. (E) Illustrative examples of a micropattern element that has been subjected to bandpass orientation ﬁltering
with a 29 (full width) ideal ﬁlter centred at one of four orientations. These ﬁltered micropattern elements were used in displays analogous to those
depicted in (A) and (B) to investigate the spatial frequency and orientation selectivity of the mechanisms that mediate the detection of motion-
deﬁned contours.
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and both intervals contained exactly the same number
and range of micropattern directions. Each run consist-
ed of 100 trials and both observers completed at least
two runs of trials for each condition tested. The percent-
age of correct detection scores and corresponding SEM
values were calculated separately for each observer and
condition tested.3. Results
3.1. Experiment 1: Spatial frequency selectivity
To investigate if localmotion signals at diﬀerent spatial
scales can support contour detectionweﬁrstmeasured the
detectability of straight contours (paths) composed of 2-
D elements with diﬀerent spatial frequency spectra. The
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diﬀerent intermingled populations whose spatial frequen-
cy spectra could diﬀer. When the elements making up the
two populations have the same narrow range of spatial
frequencies, then the extent to which the detection of mo-
tion-deﬁned contours depends on absolute element spa-
tial frequency can be gauged. When the elements
making up these two populations contain diﬀerent (and
non-overlapping) bands of frequencies, the spatial fre-
quency tuning of the motion-linking process can be
ascertained.
The results, for two observers (R.F.H. and T.L.), are
shown in Fig. 2. Percent correct detection performance
is plotted against the diﬀerence in octaves between the
centre spatial frequencies of the two, spatially intermin-
gled, populations of elements. Each centre frequency, re-
ferred to one of the element populations, is depicted by a
diﬀerent symbol and line style. To gauge the absolute
spatial frequency dependence of this specialized formPe
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Fig. 2. Plots for two observers showing the eﬀect of the element spatial
frequency of motion-deﬁned contours where the motion of all contour
elements is aligned along the contour. Two-dimensional spatial noise
was ﬁltered into octave passbands and the detectability, in terms of
percent correct, of straight contours is plotted as a function of the
diﬀerence (in octaves) between the centre spatial frequencies of
alternate elements in the contour (and background). Each centre
frequency, referenced to one of the element populations, is depicted by
a diﬀerent symbol and line style. The vertical bars above and below
each datum (where visible) represent the SEM indicating variability
between diﬀerent runs of trials. See text for details.of motion integration, the relevant results are those
when the two populations had identical spatial frequen-
cies (0 octaves diﬀerence). It appears that in general
there is remarkably little dependence on spatial frequen-
cy over most of the 3 octaves range of frequencies inves-
tigated. Detection performance does fall to some extent,
however, at the lowest centre spatial frequency tested
(i.e., 0.84 c/deg), especially for observer R.F.H. who
exhibits uniformly lower performance overall than
T.L. Thus, under the conditions of the present experi-
ment motion information at the coarsest spatial scales
appears to be a somewhat impoverished stimulus for
driving contour detection mechanisms. Nonetheless the
ﬁnding that performance is reasonably invariant with
absolute spatial frequency, at least for narrowband ele-
ments P1.74 c/deg, is in good agreement with the re-
sults of Bex et al. (2003) and allows us to measure the
spatial frequency tuning of the contour integration pro-
cess itself by varying the spatial frequency diﬀerence be-
tween alternate elements in both the contour and the
background. Again, it is clear that there is, if anything,
only a very weak dependence on the spatial frequency
content of alternate elements for the motion-deﬁned
contour stimuli used in the present experiment. For both
observers detection performance typically declines as the
spatial frequency diﬀerence between adjacent elements
comprising the contour increases, but this eﬀect is rela-
tively modest and by no means universal. Indeed, one
striking feature of the results depicted in Fig. 2 is that
when 0.84 c/deg elements are intermixed with those cen-
tred at a higher spatial frequency, the visibility of the
resulting motion-deﬁned contour can actually be en-
hanced compared to when all the elements are centred
at 0.84 c/deg.
In order to be sure that the performance levels mea-
sured in Fig. 2 required the linking of every adjacent ele-
ment deﬁning the contour (rather than say every other
element), a control experiment was carried out in which
the motion directions of alternate elements were ran-
domized. This manipulation is known to eﬀectively dis-
rupt performance on this task when spatially broadband
elements are used (Ledgeway & Hess, 2002). The results
(Fig. 3) are plotted in exactly the same format as those
in Fig. 2. Regardless of the spatial frequency diﬀerence
between elements, performance falls uniformly to near
chance levels under these conditions, suggesting that
the performance levels reported in Fig. 2 for this task
depended critically on the linking of motion information
from adjacent neighboring contour elements. Thus, we
are conﬁdent that the results shown in Fig. 2 do indeed
reﬂect the integration of motion along a contour.
3.2. Experiment 2: Orientation selectivity
Next we sought to establish the orientation tuning of
the motion integration process underlying contour
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Fig. 4. The eﬀect of varying the relative (i.e., with respect to the
contour axis) orientation alignment of elements on the detection of
motion-deﬁned contours (ﬁlled symbols), where the motion direction
of contour elements was aligned along the contour axis, and static
contours (unﬁlled symbols). The texture within each element was
spatial frequency broadband noise whose orientations were restricted
to a 29 passband. The cartoon at the top of the ﬁgure represents the
relationship between the centre orientation of the contour elements
and the elongated axis of the contour, for the case where the contour
itself was vertical. In the actual experiments the overall orientation of
the contour was randomized from trial to trial. The vertical bars above
and below each datum (where visible) represent the SEM indicating
variability between diﬀerent runs of trials.
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Fig. 3. Similar to Fig. 2 with the exception that for half (every other)
of the elements comprising the contour, the motion directions were
aligned along the contour axis and for the other half the motion
directions were random.
T. Ledgeway, R.F. Hess / Vision Research 46 (2006) 568–578 573detection. Due to the fact that the straight contours used
had a random conﬁguration (overall orientation of the
elongated contour axis with respect to the display) from
trial to trial (see Section 2), the most appropriate manip-
ulation is to vary element orientation in relative terms
(i.e., the local orientation of each element relative to
the axis of the contour to be detected). This is certainly
the case for motion direction using broadband micro-
patterns, in that it is direction of motion relative to
the contour that deﬁnes this specialized form of integra-
tion (Ledgeway & Hess, 2002; Ledgeway et al., 2005).
Consequently, we measured the eﬀect of varying the
micropattern element orientation relative to the contour
for spatial frequency broadband stimuli with an orienta-
tion bandwidth of 29 (see cartoons at the top of Fig. 4
which represent the central orientation of the 2-D noise
within each element of a contour relative to a hypothet-
ical straight vertical contour). In this case, the centre
(median) orientations of all the contour elements have
some ﬁxed relation to the axis of that contour, that their
motion directions deﬁne.
Performance is plotted as a function of the element
orientation relative to that of the straight contour inFig. 4 (note that the motion direction of the elements
comprising the contour was again always along the axis
of that contour). For the two observers (R.F.H. and
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Fig. 5. The eﬀect of varying the relative (i.e., with respect to the contour
axis) orientation of alternate elements in the display on the detection of
motion-deﬁned (ﬁlled symbols) and static contours (unﬁlled sym-
bols).The texture within each element was spatial frequency broadband
noise whose orientations were ﬁltered such that they were restricted to a
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(ﬁlled symbols and solid line) is comparable to levels
previously seen for spatially broadband, isotropic stim-
uli (Ledgeway & Hess, 2002). There is a clear but weak
dependence of performance on the orientation structure
of the elements relative to the contour that their motions
deﬁne. Detection is best when the moving orientation
structure is aligned with the contour (0 relative orienta-
tion) and worst when it is orthogonal to the contour (90
relative orientation). It is important to emphasize that
because a purely 1-D motion stimulus (e.g., a sinusoidal
grating) cannot physically have motion along its orien-
tation axis (the aperture problem), it must be the case
that only ‘‘oﬀ-axis’’ orientations in the ﬁltered noise con-
tribute to perception in the 0 relative orientation
condition.
3.3. Experiment 3: Comparing performance for moving
versus stationary orientation-ﬁltered (band limited)
stimuli
Superﬁcially the results of Experiment 2 suggest that
the detectability of motion-deﬁned contours depends on
the relative orientation of the contour elements. This in
turn suggests that it may well be mediated by the same
mechanisms that Field et al. (1993) showed, were
responsible for the detection of 1-D static stimuli. To
better understand the relationship between the motion
and static cases, performance was measured using the
same orientation-ﬁltered elements as in Experiment 2
with the exception that the texture within each element
was stationary rather than moving.
The results for two observers (R.F.H. and T.L.) are
displayed in Fig. 4 as unﬁlled symbols and dashed lines.
While it is true that performance levels for contours
composed of either static or moving elements is similar
when the peak of the orientation band is either aligned
or orthogonal to the contour, somewhat diﬀerent results
are obtained when the orientation band is centred
obliquely (30) relative to the contour that it deﬁnes.
In this case, the detection of static stimuli is at chance
(R.F.H.) or substantially reduced (T.L.), consistent with
previous studies that have investigated contour detec-
tion with obliquely oriented stationary elements (e.g.,
Dakin & Hess, 1998; Ledgeway et al., 2005). However,
motion-deﬁned contours remain highly detectable under
these conditions and this provides compelling evidence
that the mechanisms responsible for integrating static
contours exhibit diﬀerent properties to those that inte-
grate contours deﬁned by motion.11 Additional observations by a naı¨ve observer (I.L.S.) conﬁrmed this
diﬀerence in performance for contours composed of static (54%
correct, SEM ±2%) and moving (82% correct, SEM ±2%) elements,
when the orientation band is centred obliquely (30) relative to the
contour.An interesting issue that is still indeterminate is
whether or not the mechanisms responsible for integrat-
ing contours deﬁned by motion direction can pool or
link information across diﬀerent orientations, as previ-
ously shown to be the case for spatial frequency (Exper-
iment 1). To address this issue we adopted a similar
procedure of manipulating the centre orientation of each
alternate element of the contour, as depicted schemati-
cally by the cartoon at the top of Fig. 5 for the hypothet-
ical case where the contour is vertical.
In Fig. 5 percent correct detection is plotted as a
function of the orientation diﬀerence (i.e., diﬀerence in29 passband. The cartoon at the top of the ﬁgure represents the
relationship between the centre orientation of each contour element and
the elongated axis of the contour, for the case where the contour itself
was vertical. In the actual experiments, the overall orientation of the
contour was randomized from trial to trial. The vertical bars above and
below each datum (where visible) represent the SEM indicating
variability between diﬀerent runs of trials.
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ﬁltered image) between alternate contour elements, sep-
arately for observers R.F.H. and T.L. The results for
motion-deﬁned paths (ﬁlled symbols and solid lines)
show a rapid drop in performance for a 30 orientation
diﬀerence between alternate elements. Similar results
were obtained for a static version of the same stimulus,
except that performance levels fall to near chance levels
for a 30 diﬀerence but are above chance for a 90 rota-
tion. The residual above chance levels of performance
found for both motion-deﬁned and static contours for
an orientation diﬀerence of 90 between neighboring
adjacent elements is consistent with probability summa-
tion between two populations of elements each eﬀective-
ly at half density. Table 1 displays the separate
measurements of the detectability of these contours
when only half the number of elements are present
and subsequent probability summation predictions
according to two diﬀerent models, one involving simple
statistical summation and the other involving d 0 summa-
tion (see Graham, 1989; Green & Swets, 1966).
However, probability summation cannot readily ex-
plain the exceptionally poor levels of performance found
for static contours when there was an orientation diﬀer-
ence of 30 between neighboring adjacent elements (in
this case performance is worse than the probability sum-
mation prediction). One possibility is that the presence
of texture elements oriented obliquely with respect to
the contour axis (for which orientation linking is poor),
actively interferes with or inhibits the spatial linking of
interspersed elements that are parallel with that axis.
Further research is needed to address this issue (which
is beyond the scope of the present paper), but at present
it is suﬃcient to conclude that the mechanisms responsi-
ble for integrating contours deﬁned by motion direction
cannot combine information derived from very dissimi-
lar orientations.
3.4. Experiment 4: The roles of temporal ﬂicker and
motion direction in contour detection
A potentially important issue not taken into account
in the comparison of performance for static and motion-Table 1
Results for two observers showing percentage correct detection performance
ﬁltered elements are either aligned (0) or orthogonal (90) to the contour a
Condition (contour type
and observer)
1/2 Density population
0/90 (% correct)
Motion (R.F.H.) 57.5/56.5
Static (R.F.H.) 57.5/55.5
Motion (T.L.) 75/67
Static (T.L.) 69/64.5
Two probability summation models are used to predict the performance w
alternate elements have local relative orientations of either 0 (aligned along th
population case (orientation diﬀerence of 90 in Fig. 5) is consistent with thdeﬁned contours concerns the role played by temporal
factors apart from motion. Static and motion-deﬁned
contour stimuli are diﬀerent in their temporal properties
and Bex et al. (2001) have shown that simple counter-
phase ﬂicker per se can enhance sensitivity for detecting
contours composed of 1-D elements. Thus, it is possible
that the enhanced performance found for motion-de-
ﬁned contours, composed of elements with oblique rela-
tive orientations (Fig. 4), is due simply to the temporally
varying nature of the stimuli. The purpose of Experi-
ment 4 was to address this interesting issue.
Contour detection was measured for orientation-ﬁl-
tered stimuli (29 full bandwidth) in which the constitu-
ent elements contained substantial ﬂicker, but no
consistent direction information. This was achieved by
replacing the texture within each element with a new sto-
chastic sample of ﬁltered noise on each frame. This en-
sured that there were no coherent local motion cues
within the temporally changing stimulus. The results
(for observers R.F.H. and T.L.) are compared to those
previously obtained for elements whose motion was
aligned along the contour (Fig. 6). Similar sensitivity
was found for ﬂickering and motion-deﬁned contours
when their constituent orientations were either aligned
with or orthogonal to the contour. The results are, how-
ever, very diﬀerent for elements oriented obliquely to the
contour. In this case, the abolition of consistent motion
direction information renders the ﬂickering contours
much harder to detect. Thus, the mere presence of ﬂicker
within each element (a temporally changing luminance
distribution) cannot fully account for the pattern of re-
sults found. Direction information plays an important
role that is most evident when the relative orientations
of the elements are oblique with respect to the contour
on which they lie.4. Discussion
Using a paradigm that allowed us to readily separate
out the inﬂuences of direction, orientation and spatial
frequency, we investigated the spatial rules that govern
the integration of local motion direction signals to deﬁnefor motion-deﬁned and static contours where half of the orientation-
xis
Simple statistical probability
summation (% correct)
d 0 Probability
summation (% correct)
63.03 59.87
62.18 59.26
83.5 78.97
77.99 73.23
hen contours are composed of twice the number of elements where
e contour) or 90 (orthogonal to the contour). Performance in the two-
e predictions of probability summation.
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Fig. 6. Same as Fig. 4 with the exception that detection performance is
plotted for motion-deﬁned (ﬁlled symbols) contours and contours
composed of ﬂickering elements (unﬁlled symbols) that contain no net
direction information (achieved by replacing the orientation-ﬁltered
noise present within each element with a new sample on each image
update).
576 T. Ledgeway, R.F. Hess / Vision Research 46 (2006) 568–578simple spatial contours. Previous studies have shown
that the spatial integration of local motion signals de-
pends crucially on both the relationship of those motion
directions to the contours axis and shape and also the
variance (degree of similarity) of the local direction sig-
nals present (see Hess & Ledgeway, 2003b; Ledgeway &
Hess, 2002). When local motions are aligned along a
contour of straight or moderate curvature, the detection
of that contour is greatly enhanced. This suggests that
the spatial layout of the contour and the motion direc-
tions that deﬁne it are of prime importance. When the
contour is highly curved, however, performance is limit-
ed by the variance of the composite directional signals
without regard for their precise spatial arrangement
along the contour. Thus, there are rules for combining
local motion directions across space in a manner thatis somewhat analogous to the rules that determine
how local orientation signals are combined to deﬁne
static contours (Field et al., 1993). As for orientation,
there is an association of motion direction and spatial
position (i.e., an ‘‘association ﬁeld’’ for motion).
In the present study, we delineate the spatial frequen-
cy and orientation dependencies of this specialized form
of integration (i.e., for motion along the contour). In
terms of spatial frequency selectivity of the contour
detection process, the situation is relatively straightfor-
ward. There is very little dependence on either the abso-
lute (i.e., of all the elements) spatial frequency of the
elements or diﬀerences between (i.e., of alternate ele-
ments comprising the contour) element spatial frequen-
cy. This suggests a broad spatial frequency tuning
consistent with the idea that the integration process
underlying the extraction of contours can combine mo-
tion information across a range of spatial scales.
This ﬁnding is in stark contrast to the pattern of re-
sults found by studies that have explored the spatial fre-
quency dependence of contours deﬁned by static
orientation cues. In that case, the spatial tuning of the
linking process is spatial frequency narrowband (Dakin
& Hess, 1998). The bandwidth (half width at half height
in a percent correct space) was 1.3 octaves for straight
contours. For motion-deﬁned contours, the results of
the present study agree with those of Bex et al. (2003)
in suggesting that the spatial tuning of the linking mech-
anism is much broader. Indeed in the present study, con-
tour detection was readily possible even when the spatial
frequencies of the elements comprising the contour dif-
fered by over 3 octaves. Thus, although there are some
similarities concerning the speciﬁc rules that determine
how the local information is integrated to enable extend-
ed contours to be detected, importantly these rules are
not identical for contours deﬁned by motion and those
deﬁned by static orientation cues.
Investigating the orientation selectivity of the mecha-
nisms that integrate local motion signals to extract con-
tours is a relatively more complex issue. Importantly,
the results of the present study (Experiment 2) demon-
strate that it is the orientation of the elements relative
to the contour that is critical. In terms of relative (i.e.,
with respect to the contour axis) orientation, the situa-
tion is complicated mainly because, for orientationally
band limited elements, contour integration mechanisms
based purely on the presence of orientation cues can
contribute to the detectability of contours containing
motion. In other words, contours are no longer solely
deﬁned by the consistent motion directions of their con-
stituent elements if those elements are ﬁltered in the ori-
entation domain.
However, it is possible to conclude that the inﬂuence of
orientation-based cues is at least equal to that provided
by motion direction for orientations that are aligned with
or orthogonal to the contour that they represent. For
T. Ledgeway, R.F. Hess / Vision Research 46 (2006) 568–578 577oblique orientations (i.e., relative to the contour), howev-
er, Experiment 3 demonstrated that motion-based
contour extraction mechanisms can support good perfor-
mance levels close to those previously observed for unﬁl-
tered elements (Ledgeway & Hess, 2002), whilst the
contribution of orientation-based mechanisms under
these conditions is minimal (see Fig. 4). To illustrate
further the separate eﬀects of static orientation and mo-
tion on contour detection, Fig. 7 shows the performance
of two observers (T.L. and I.L.S.) for moderately curved
contours (path angle of 20) composed of orientation-ﬁl-
tered noise that was either static (unﬁlled columns) or in
continuousmotion (ﬁlled columns). The orientation band
of the noisewithin eachmicropatternwas alignedwith the
curved axis of the contour (0 relative orientation).
The use of curved, rather than straight, contours avoids
the performance ceiling eﬀects found previously in Exper-
iments 2 and 3. It is evident that for both observers perfor-
mance improves signiﬁcantly with the addition of motion
along (and consistent with) the depicted contour, bolster-
ing our conclusion that both orientation- and direction-
based cues contribute to contour detection. It is important
to emphasize that this advantage for contours containing
motion is not simply due to the temporally changing
patterns of stimulation (ﬂicker) provided by motion
stimuli, as evidenced by the results of Experiment 4.Pe
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Fig. 7. Same as the 0 relative orientation condition of Fig. 4 with the
exception that the motion-deﬁned (ﬁlled columns) and static contours
(unﬁlled columns) were moderately curved (20  path angle) rather
than straight. The orientation of the noise within each micropattern
was always centred on the curved axis of the contour and in the case of
motion-deﬁned contours the drift direction was also along (consistent
with) that axis. See text for further details.In terms of the orientation tuning of contour detec-
tion, the results of Experiment 3 (where the relative ori-
entations of alternate contour elements were varied)
suggest that the mechanism that underlies contour
detection from motion signals does not collapse infor-
mation across orientation prior to its analysis. Perfor-
mance fell sharply when the orientation diﬀerence
between alternate elements was 30 and was close to
chance levels when alternate elements diﬀered in orienta-
tion by 90. Interestingly, a similar pattern of results was
found when each element in the display contained sta-
tionary, rather than moving, texture (see Fig. 5). This
latter ﬁnding is in good agreement with previous studies
in that orientational noise (increased relative orienta-
tional variance of contour elements) has been shown
to degrade greatly the detectability of static contours
(Field et al., 1993). Thus, in both cases the mechanisms
that mediate contour extraction appear to exhibit nar-
rowband orientation selectivity. An important addition-
al ﬁnding that emerges from the current study is that
although static contour mechanisms are highly eﬃcient
at processing contours deﬁned by elements that are ori-
ented either parallel or orthogonal to the contour axis,
they are much less sensitive to obliquely oriented ele-
ments. However, motion-based contour mechanisms ap-
pear able to eﬃciently process contours composed of all
orientations (although information is not combined
across diﬀerent orientations) as long as the motion
direction is along the contour axis. This results in a
strong detection advantage for contours containing mo-
tion, when the local texture information is oriented
obliquely with respect to the contour.Acknowledgment
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